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The response of the protea hybrid ‘Sylvia’ (Protea
susannae X Protea eximia) to irrigation was investigat-
ed to determine the water requirements of this commer-
cial floriculture crop. Both field and glasshouse trials
were conducted in which plants were exposed to differ-
ent irrigation levels. The effects of the irrigation regimes
were determined by measuring the δ13C, δ15N, gas
exchange characteristics, biomass accumulation, yield
and root development. The plants in the glasshouse
were exposed to watering regimes maintaining water at
20%, 40% and 60% of field capacity in sand-filled pots.
Higher water supply resulted in increased growth of the
roots in particular, but also of the shoots, reaching a
maximum at 40% of field capacity. There were no signif-
icant changes in the gas exchange characteristics of
the plants associated with this increased growth. In the
field trial the intensity of irrigation (dry-land, normal and
double-irrigation) did not influence the vegetative or
reproductive biomass accumulation.
Although the water content of the upper 30cm of soil
was significantly different between treatments, there
were no differences in δ13C, relative water contents or in
elemental compositions of the leaves. The gas
exchange characteristics of the plants were only slight-
ly influenced by the irrigation intensity maintaining very
similar water use efficiencies between treatments, con-
curring with δ13C results. However, the development of
cluster roots was strongly increased by irrigation. Dry-
land plants had extensive sinker roots penetrating the
deeper (>1m) soil layers. It was concluded that the
dimorphic and deep roots of ‘Sylvia’ allow access to
water deep in the soil profile once the root system is
established. Although maintenance of cluster roots for
nutrient uptake is important, management practices
should take cognisance of the fact that surface soil
water contents only partially determine the availability
of water for these deep-rooted perennial shrubs, if at all.
There are 329 Protea spp. collectively referred to as ‘pro-
teas’ indigenous to South Africa of which about 70 are grown
commercially (Brown et al. 1998). Proteaceae are widely
used in southern Africa and in other parts of the world for
floriculture. The use of indigenous South African proteas for
floriculture is an increasingly important component of the
export industry in the Western Cape of South Africa. The
conditions to which proteas are adapted in the Western
Cape of South Africa include nutrient poor soils combined
with hot dry summers and wet winters, characteristic of the
Mediterranean climate (Dodd and Bell 1993). Annual rainfall
is highly variable, ranging from 350mm to 3 000mm,
depending on location (Miller et al. 1983). Soils are porous,
low in nutrients and acidic, with the pH between 4.5 and 6
(Vogts 1982, Von Willert et al. 1989). The deep, sandy soils
have a low water holding capacity contributing to the water-
stressed environment resulting from the summer drought
(Miller et al. 1983). Poor water holding capacity and low pH
of the soil also result in nutrients being leached from the soil. 
Protea plants follow a diurnal fluctuation in their photosyn-
thetic rates, which peaks during the morning, followed by a
drop in the afternoon (Richardson and Kruger 1990).
Similarly there is seasonal fluctuation in the photosynthetic
rates, with a slight decrease during the dry summer and an
increase in winter and spring. However, this variation
between the summer and winter photosynthetic rates is
much smaller than the variation found in the shallow rooted
fynbos species due to the deep root system of the
Proteaceae (Smith and Richardson 1990, Dodd and Bell
1993).
In response to the nutrient poor soils and summer
drought, the Proteaceae have evolved a dimorphic root sys-
tem. This comprises a deep taproot termed a ‘sinker’ root by
Jeschke and Pate (1995), which can grow down into the
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water table allowing a constant supply of water through the
dry summer months, and a network of lateral roots, which
are used primarily for the uptake of nutrients (Manders and
Smith 1992, Pate and Jeschke 1993, Jeschke and Pate
1995). The taproot of the Proteaceae ensures that the plants
receive a relatively constant supply of water throughout the
year, limiting water stress even during the dry months (Moll
and Somerville 1985, Jeffrey et al. 1987). Low levels of
water stress have been repeatedly demonstrated in studies
on the water relations of various protea species (Miller et al.
1983, Van der Heyden and Lewis 1989, Smith and
Richardson 1990). The tap root has also been found to bring
excess water up to the proteoid roots at night, which then
export the water to the surrounding soil. This water can then
be utilised by the roots during the day (Watt and Evans
1999).
The lateral roots are also responsible for the formation of
proteoid roots (Purnell 1960) otherwise known as cluster
roots (Lamont 1982), which are found in approximately the
top 10cm of soil. These are small hairy rootlets that form in
dense clusters and are specialised to efficiently absorb nutri-
ents (Lamont 1982). The cluster roots form a dense mat just
below the soil surface, trapping and absorbing the nutrients
in the upper soil layers (Lamont and Bergl 1991). Cluster
root development is stimulated by phosphorous deficiency,
but a deficiency of other nutrients, such as iron and nitrogen,
is also known to induce or promote cluster root formation
(Watt and Evans 1999). Cluster roots form mainly during the
wet season and die back in summer, coinciding with the fact
that water availability determines nutrient uptake from the
soil (Lamont 1982, Pate and Jeschke 1993).
An issue of current debate is the use of irrigation and the
frequency thereof in view of the potential leaching effect of
excessive watering. At present growers that irrigate use drip
or micro-jet irrigation, to prevent leaching of the soil. Heavy
irrigation would result in excess water being lost due to the
low water holding capacity of the soil. However, the occa-
sional flushing of the soils is necessary to prevent the build
up of salts (Vogts 1982). In this study the water requirements
of the commercially important protea cultivar ‘Sylvia’ were
examined by measuring the yield, water relations, gas
exchange and growth characteristics of this cultivar in both
field and glasshouse conditions.
Methods and Materials
Field site description
The study site for the field grown ‘Sylvia’ (Protea susannae
Phill. X Protea eximia (Salisb. ex Knight) Fourc) plants was
near Elgin in the Western Cape (34°09’S, 19°02’E). Average
rainfall and minimum and maximum temperatures were sup-
plied by the South African Weather Bureau (Figure 1). The
soil on the site consisted of coarse sand with an underlying
clay layer. The average soil pH (KCl) was determined to be
4.6 ± 0.1 (mean ± SE, n = 15). The five year old plants had
been exposed to different watering regimes for 2.5 years.
The three different watering regimes that had been estab-
lished were 1) no irrigation, 2) normal irrigation and 3) dou-
ble irrigation. The plants in the field were irrigated when ten-
siometer readings at a depth of 30cm in soil associated with
plants receiving normal irrigation, reached between -60kPa
and -70kPa (Hettasch pers. comm.). Thus the treatments
were irrigated with the same frequency, but received differ-
ent irrigation volumes. Five plants were randomly selected
from each treatment for analysis.
Characterisation of field grown plants
The leaf carbon and nitrogen isotope ratios, δ13C (O’Leary et
al. 1992) and δ15N (Evans 2001), were measured as an indi-
cation of the long-term effect that the different watering
regimes had on the plants. The isotopic ratios δ13C and δ15N
were calculated as δ = 1000‰ [Rsample/Rstandard], where R is the
molar ratio of the heavier to the lighter isotope of the sample
and standards as defined by Farquhar et al. (1989). Ten
leaves per plant were taken from each of the five plants per
treatment. For δ13C and δ15N determination the oven-dried
plant components were milled in a Wiley mill using a 0.5mm
mesh (Arthur H Thomas, California, USA). Between
2.100mg and 2.200mg of each sample was weighed into
8mm by 5mm tin capsules (Elemental Microanalysis Ltd,
Devon, UK) on a Sartorius microbalance (Goettingen,
Germany). The samples were then combusted in a Fisons
NA 1500 (Series 2) CHN analyser (Fisons Instruments SpA,
Milan, Italy). The δ13C and δ15N values for the carbon and
nitrogen gases released were determined on a Finnigan
Matt 252 mass spectrometer (Finnigan MAT GmbH,
Bremen, Germany), which was connected to a CHN
analyser by a Finnigan MAT Conflo control unit. Three stan-
dards were used to correct the samples for machine drift;
two in-house standards (Merck Gel and Nasturtium) and one
IAEA (International Atomic Energy Agency) standard-
(NH4)2SO4.
An infrared gas analyser (Licor, Li-6400 Portable photo-
synthesis system, Lincoln, Nebraska, USA) was used to
measure leaf assimilation and transpiration rates in May,






  	 
 	   
    






		 ! 
"
#
	
$
#



"
%

#
&
'(
)



*



++
&


)
Figure 1: The average rainfall and the average daily minimum and
maximum temperature for the Elgin–Grabouw area (Western Cape,
South Africa) for the years 1998, 1999 and 2000. The data provid-
ed by the South African Weather Bureau were recorded from three
permanent weather stations in the area and averaged (mean ± SE)
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August and October. Measurements were taken on the first
fully expanded leaves, on a young vegetative shoot, that
was exposed to full sunlight. The saturating light intensity for
photosynthetic CO2 assimilation at ambient CO2 concentration
was determined by constructing a response curve of assimila-
tion against light intensity and determined to be 1 500μmol
photons m-2 s-1. The infrared gas analyser was set to take
photosynthetic readings at a light intensity of 1 500μmol
photons m-2 s-1. Readings were recorded from five plants per
treatment over a short period from mid-morning to midday
(10:30am until 12:30pm).
The leaf relative water content (RWC) of the plants was
determined in May and October by cutting leaf discs from
the first fully expanded leaves using a cork borer. One disc
was taken from each of the replicate plants (n = 5). Discs
were taken at 9am and at 12pm, under full sunlight. The
discs were weighed upon collection (fresh weight, FW) and
then placed in petri-dishes between two moist pieces of fil-
ter paper, in a cooler box. After three hours the discs were
weighed (turgid weight, TW) and then placed in an oven at
80°C for 48h and then re-weighed (Dry weight, DW). The
RWC (%) was then calculated as RWC = 100 × (FW -
DW)/(TW - DW).
Plant yield was determined by comparing the number of
flowering stems and the lengths of the flowering flushes. The
number of flowering stems, which had already flowered or
would still flower that season, was counted on 20 randomly
selected plants, from each treatment in March and in
October. The number of flushes and the flush length of 40
randomly selected flowering stems were measured in both
March and October. 
Both leaf and soil samples were collected for analysis. Ten
of the first fully expanded leaves, on a new vegetative shoot
were picked from five plants per treatment and oven dried at
80°C for 48h. The leaf material was then milled using a
0.5mm mesh (Arthur H Thomas, California, USA) and
analysed for N, P, K, Ca, Mg, Na, Mn, Fe, Cu, Zn, B and Al
using an inductively coupled mass spectrometry (ICP-MS)
and a LECO-nitrogen analyser with suitable standards
(BemLab, De Beers Rd, Somerset West, South Africa). Sites
for soil analyses were selected alongside each of the sam-
pled plants between the plant and the nearest dripper. Five
soil samples were taken per treatment to a depth of 30cm
with an auger. Total N, Al, P, K, Na, Ca, Mg, Cu, Zn, Mn and
B were measured using ICP-MS analysis and a LECO-nitro-
gen analyser with suitable standards (BemLab). Soil water
content was determined gravimetrically for each of the sites
in March.
Three soil pits per treatment were dug to a depth of 1.5m
between the rows of the plants close to the main stem. The
surface of the excavation was marked with a 5cm grid
extending 1m on either side of the main stem and to a depth
of 1.5m. The intersections of the grid lines with roots were
scored according to whether the root was a cluster root, lat-
eral root or sinker root which was identified as a vertical root
running below other roots into a clay layer.
Glasshouse trials
Potted plants were obtained from rooted cuttings (supplied
by Molteno Bothers, Elgin, Western Cape, South Africa) that
were transplanted into pots containing river sand. The potted
plants were placed in a temperature controlled glasshouse
(25/15°C — day/night) and left for two months to recover
from transplantation shock. Three groups of eight plants
were selected and each group was exposed to a different
water treatment based on a percentage of the gravimetrical-
ly measured field capacity for a further six months (n = 10),
namely 20%, 40% and 60% of field capacity. The amount of
water in each pot was calculated gravimetrically every sec-
ond day in order to maintain a constant water level per pot
and per treatment. Nutrient solution (100ml) was applied
every two weeks. The nutrient solution (pH 5.0) consisted of
MgSO4 (0.375mM), K2SO4 (0.5mM), CaCl2 (1mM), KH2PO4
(0.01mM), H3Bo3 (0.0135mM), MnSO4 (0.0026mM), ZnSO4
(0.0066mM), CuSO4 (0.0009mM), Na2MoO4 (0.00017mM),
Fe EDTA (0.078mM) and NH4NO3 (1mM).
Gas exchange readings were recorded for the glasshouse
plants using the Licor, Li-6400 (as described previously).
The saturating light intensity for photosynthetic CO2 assimi-
lation at ambient CO2 concentration was determined in the
same way as in the field and found to be 1 500μmol photons
m-2 s-1. Eight readings were recorded for each treatment.
The plants were harvested after five months and separated
into roots, shoots and leaves. The fresh weights were taken
for the three components. The total number of both active
and inactive proteoid roots per plant was determined for
each of the treatments. The leaf area of each of the plants
was determined using a Licor, Li-3000 area meter and the
specific leaf area calculated. The leaf material was dried in
an oven for three days at 80°C and then re-weighed and
sent for analysis as described previously.
Statistical analysis
Results were subjected to analysis of variance to determine
the significance of differences between the responses to the
factors. Where analysis of variance was performed, post-
hoc Fisher’s protected least significant difference (LSD)
tests (95%) were conducted to determine the differences
between the individual treatments using Statgraphics
Version 7.0 (1993).
Results
Field trials
Soil moisture under double irrigation was 50% higher than in
the un-irrigated dry-land treatment in March (Table 1). The soil
nutrient analysis showed few differences between the treat-
ments apart from higher boron levels in the standard irrigation
treatment than in the other treatments (Table 1). There were
also only small differences in leaf nutrient composition,
although zinc levels were higher in the normally irrigated treat-
ment than in the dry-land treatment (Table 1). The leaf δ13C
determination yielded no differences between the treatments
(Figure 2). As a result of the small differences in leaf δ13C
between treatments there was no correlation of leaf δ13C with
water relations or gas-exchange variables (data not shown).
There was, however, a 15% and 17% higher δ15N value for the
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dry-land treatment in comparison to the normal and double
irrigation treatments respectively (Figure 2). In May the leaf
relative water content (RWC) measured at 9:00am was sig-
nificantly higher than the RWC at noon for each particular
treatment, while in October this was only true for the dry-land
treatment (Figure 3). The RWC readings were not significant-
ly different between the irrigation treatments for either the
9:00am or the 12:00pm sample times (Figure 3).
There were no significant differences in the number of
inflorescences produced by the three treatments (Table 2).
The number and length of vegetative flushes also did not dif-
fer significantly between treatments, although, the length of
the first flush in the normal treatment was longer than that of
the first flush of the dry-land treatment in March (Table 2). No
significant differences were found in either flush number or
flush length for October. The lengths of the fifth flush for the
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Table 1: The effect of dry-land, normal and double irrigation on the nutrient composition of the leaves and soils of five year old commercially
grown ‘Sylvia’ plants, and the soil moisture content of each treatment. Plants were grown near Elgin (Western Cape, South Africa) and exposed
to the different irrigation regimes for 2.5 years. Soil samples were taken from alongside each of the plants selected for leaf nutrient analysis.
The nutrient composition of leaves of six month old ‘Sylvia’ from a glasshouse trial with watering to 20%, 40% and 60% field capacity are also
included. The nutrient data were expressed in μmol g-1 soil or leaf dry weight and the soil moisture in g H2O g-1 soil dry weight. The significance
(P < 0.05) of differences between means ± SE (field n = 5, glasshouse n = 8) of the treatments determined using ANOVA and post hoc LSD
multiple range tests are indicated by different letters. The leaves from the field and the glasshouse were tested separately
Field Glasshouse
Soil Leaf Leaf
Parameter Dry-land Normal Double Dry-land Normal Double 20% 40% 60%
N 629.69 a 603.27 a 612.55 a 381.06 a 364.10 a 403.37 a
P 0.30 a 0.56 a 0.35 a 17.43 a 20.99 a 19.37 a 6.46 a 6.05 a 6.05 a
K 3.46 a 3.38 a 2.94 a 78.26 a 80.57 a 78.78 a 138.75 a 119.89 a 120.21 a
Ca 86.76 a 105.35 a 112.74 a 151.70 a 150.96 a 169.17 a 131.31 a 135.05 a 144.09 a
Mg 12.08 a 12.23 a 13.46 a 34.56 a 31.89 a 30.45 a 46.80 a 48.86 a 50.40 a
Na 2.38 a 2.45 a 2.76 a 78.17 a 72.90 a 66.49 a 90.09 a 91.00 a 97.54 a
Mn 0.08 a 0.11 a 0.11 a 1.59 a 3.69 a 2.61 a 2.86 a 3.06 a 3.39 a
Fe 1.03 a 1.15 a 2.76 a 2.33 a 2.21 a 2.43 a
Cu 0.01 a 0.01 a 0.01 a 0.07 a 0.07 a 0.08 a 0.04 a 0.04 a 0.04 a
Zn 0.01 a 0.01 a 0.01 a 0.17 a 0.34 a 0.25 a 0.43 a 0.35 a 0.45 a
B 0.03 a 0.04 b 0.02 a 1.70 a 1.71 a 1.76 a 2.10 a 2.03 a 2.15 a
Soil moisture 0.08 a 0.10ab 0.12 b
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Figure 2: The effect of dry-land, normal and double irrigation on the
δ13C and δ15N values in the young leaves of five year old field
‘Sylvia’ plants grown commercially near Elgin (Western Cape,
South Africa) and exposed to the different irrigation regimes for 2.5
years. The bars represent the means ± SE (n = 5) of the treatments
and different letters above the bars indicate significant differences
(P < 0.05) determined using ANOVA and post hoc LSD multiple
range tests. δ13C and δ15N were tested separately
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Figure 3: The effect of dry-land, normal and double irrigation dur-
ing May and October on the leaf relative water content (RWC) of
five year old field grown ‘Sylvias’. RWC measurements were made
at 9:00am and at 12:00pm. The plants were grown commercially
near Elgin (Western Cape, South Africa) and were exposed to the
different irrigation regimes for 2.5 years. The bars represent the
means ± SE (n = 5) of the treatments and different letters above the
bars indicate significant differences (P < 0.05) determined using
ANOVA and post hoc LSD multiple range tests. The May and
October data were tested separately
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three treatments in both March and October range between
0cm and 1.3cm; these values are low because very few
plants had produced a fifth flush.
Overall root development was c. 2-fold greater in the dou-
ble irrigated treatment than in the dry-land treatment (Figure
4). However, this increase in root development was entirely
the consequence of the greater proteoid root component.
Although the number of lateral and cluster root intersections
was unchanged by irrigation, a greater proportion of ‘sinker’
roots were observed in the lower soil horizons of the dry-land
treatment than in the irrigated treatments (data not shown). 
In May no differences were found between the photosyn-
thetic rates of the various irrigation treatments (Figure 5).
However, the stomatal conductance and the transpiration
rates were higher with double irrigation than with the other
two treatments (Figure 5). In August the double irrigation
treatment had a photosynthetic rate that was 16% and 17%
higher than the dry-land treatment and the normal irrigation
treatments respectively, but the stomatal conductance and
transpiration rates did not differ. No differences between
treatments in gas exchange characteristics were observed
in October. There were no differences found in the water use
efficiencies of the three treatments at any of the sampling
times (Figure 5). Photosynthetic activity was lower while
transpiration rates and stomatal conductance were higher in
October than at the other sample times.
Glasshouse trials
The pots in the treatment watered to 20% of field capacity
(FC) used significantly less water per day than the plants in
the 40% FC treatment, which in turn used less water per day
than the plants in the 60% FC treatment (Table 3).
Differences were found in the leaf dry weight, with the plants
from the 40% FC treatment having a 32% higher leaf dry
weight than the plants from the 20% FC treatment (Figure
6). Similarly, root dry weights for the 40% and 60% FC
treatments were significantly higher than those of the 20%
FC treatment (Figure 6). The plants from the 20% FC treat-
ment had significantly higher leaf water contents than those
of the other treatments (Figure 6). The leaf area was signifi-
cantly higher in the 40% FC treatment compared to the 20%
FC treatment (Figure 6). However, the specific leaf area did
not differ significantly (Figure 6). The shoot:root ratio was
found to be significantly higher in the 20% FC treatment
compared to the other treatments (data not shown). No sig-
nificant differences were found in the total number of pro-
teoid roots or in the number of proteoid roots per root fresh
weight (Figure 6). Despite the lack of differences detected
with ANOVA, a positive linear relationship (y = 0.0049x +
0.7973; r = 0.839) between the number of proteoid roots and
Table 2: The effect of dry-land, normal and double irrigation during March and October on the flush length (n = 40) of different age flushes (1
to 5, with 1 being the oldest), flower shoot length (n = 40) and total number of inflorescences (n = 20) of five year old commercially grown
‘Sylvia’ plants. Plants were grown near Elgin (Western Cape, South Africa) and exposed to the different irrigation regimes for 2.5 years. The
significance (P < 0.05) of differences between means ± SE of the treatments determined using ANOVA and post hoc LSD multiple range tests
are indicated by different letters. The March and the October treatments were tested separately
March October
Parameters Dry-land Normal Double Dry-land Normal Double
Flush length (cm)
Flush 1 13.3 a 15.3 b 15.1 a 15.8 a 15.7 a 13.6 a
Flush 2 18.7 a 20.3 a 17.7 a 18.9 a 19.3 a 22.5 a
Flush 3 20.4 a 21.0 a 19.6 a 17.1 a 15.7 a 17.2 a
Flush 4 11.3 a 8.4 a 10.4 a 8.0 a 6.6 a 8.3 a
Flush 5 0.0 a 0.5 a 1.3 a 0.4 a 0.9 a 1.1 a
Total shoot length (cm) 63.7 a 65.4 a 64.2 a 60.1 a 58.1 a 62.7 a
Number inflorescences 19.0 a 18.7 a 17.6 a 18 a 20.1 a 18.8 a
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Figure 4: The number of intersections on a 5cm square grid on the
lateral surface of a soil pit with cluster roots, lateral roots and sinker
roots (vertical roots running to a depth of 1m) of ‘Sylvias’ in dry-
land, normal and double irrigation treatments in May. The five year
old plants were grown commercially near Elgin (Western Cape,
South Africa) and were exposed to the different irrigation regimes
for 2.5 years. The bars represent the means of the treatments (n =
3). Different letters above the bars indicate significant differences
(P < 0.05) determined using ANOVA and post hoc LSD multiple
range tests between the total intersections and letters to the right of
the bars indicate the differences between the root components.
Each root component was tested separately
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irrigation as well as a positive linear relationship (y =
0.0063x + 35.944; r = 0.953) between number of proteoid
roots per root fresh weight and irrigation was found.
The leaf nutrient analysis showed no significant differ-
ences in the nutrient composition of the leaves from the dif-
ferent treatments (Table 1). There were also no significant
differences between the water regimes in the photosynthet-
ic rates, stomatal conductances, transpiration rates or water
use efficiencies (Table 3). 
Discussion
In the field trial the higher soil moisture (Table 1) in the dou-
ble irrigation compared to the dry-land treatment was indica-
tive of soil water status differences for the drier summer
months (March) (Figure 1) and shows that there was a sig-
nificant difference in the surface (0cm to 30cm deep) soil
moisture between the treatments. Although there were dif-
ferences in the lengths of the oldest flushes between the
normal irrigation and dry-land treatments in March (Table 2),
this was not sustained in the younger flushes. This probably
indicates a severe water stress in the dry-land treatment at
the time of formation of the first flush. The lack of any differ-
ence in the number of inflorescences is associated with the
lack of influence of irrigation on the vegetative growth of the
plants. 
The higher leaf zinc and soil boron concentrations in the
normally irrigated treatment relative to the other two treat-
ments (Table 1) may reflect the application of pest control or
foliar micro-element sprays, which contain these elements,
but we have no explanation for the different zinc and boron
concentrations between treatments. The absence of any sig-
nificant differences in the leaf nutrient status, apart from
zinc, indicates that the plants were able to take up the
required nutrients regardless of their irrigation status. This
may also partially account for the lack of differences in
growth and yield (Table 2). The higher relative water con-
tents (RWC) in May than in October were probably due to
the cool, wet conditions in May (Figure 1). There was a small
midday depression of RWC, but the lack of variation in RWC
between the irrigation treatments in both May and October
indicates that the plants were not suffering from water stress
in the dry-land treatment. This may be due to access to
water in the deeper soil in the dry-land treatment where
more extensive sinker roots were observed.
The 12C/13C isotope fractionation of the leaf is influenced
by carboxylation (Rubisco activity) and by CO2 diffusion
resistance, with carboxylation being the more important
influence (O’Leary 1993). Carboxylation has an isotope frac-
tionation value (δ13C) of approximately 29‰ whilst diffusion
results in fractionation of only about 4.4‰ (O’Leary 1993). In
the absence of major photosynthetic differences between
the treatments diffusion must be the primary variable factor
influencing the δ13C. The fact that there was no change in
the δ13C values between the treatments gives an indication
that there were no differences in the long-term water use
efficiency between the treatments. This is deduced from the
reasoning that water use efficiency is inversely correlated
with δ13C, and therefore no differences in the δ13C would
mean that there would be no differences in water use effi-
ciency (Farquhar et al. 1982). Since it takes approximately
one month for a flush to develop and the samples were
taken in March, the lack of difference in δ13C indicates that
water use efficiencies and stomatal conductances were not
substantially altered by irrigation during February and
March. The high δ15N value for the dry-land treatment com-
pared to the other two treatments (Figure 2) could result
from a number of factors, the most likely being that soil δ15N
increases with soil depth (Hogberg 1997). Therefore if the
plants in the dry-land treatment had a deeper root system
than the plants from the other two treatments the δ15N val-
ues would have been more positive. Further work would be
required to test this hypothesis, although it was established
that the dry-land plants in this trial did have more sinker
roots deeper in the soil profile than in the other treatments
(data not shown).
Higher photosynthetic rates in the plants supplied with
double irrigation in August did not result in greater vegetative
or reproductive growth rates (Figure 5, Table 2). In May the
transpiration rates of the plants in the double-irrigation treat-
ment were significantly higher than the other two treatments
but the photosynthesis rates were not. This could have been
due to differences in the specific leaf areas of the plants from
the different treatments. Li et al. (2000) found that water defi-
ciency decreased the specific leaf area (m2 kg-1) of Eucalyptus
microtheca plant, which could explain why the plants in the
double irrigation treatment could transpire at a higher rate
without an increase in the photosynthetic rate. Since tran-
spiration rates had similar patterns to photosynthetic rates,
the water use efficiencies were unchanged by irrigation
Table 3: The effect of the three irrigation regimes (20%, 40%, 60% field capacity) on the photosynthetic rates (A), stomatal conductance (Gs),
transpiration rates (E), water use efficiency (WUE) and daily water use of rooted cuttings of ‘Sylvia’. The cuttings were grown in a glasshouse
at the University of Stellenbosch between March and October. The significance (P < 0.05) of differences between means ± SE (n = 8) of the
treatments determined using ANOVA and post hoc LSD multiple range tests are indicated by different letters. The gas exchange and water
use data were tested separately
Parameter Water (% field capacity)
20 40 60
Gas exchange data
A (μmol m-2 s-1) 6.45 a 6.76 a 7.24 a
Gs (mol m-2 s-1) 0.02 a 0.03 a 0.03 a
E (mmol m-2 s-1) 0.80 a 1.08 a 1.07 a
WUE (mmol CO2 mol-1 H2O) 8.53 a 6.60 a 7.22 a
Average water use (ml day-1) 22.5 a 33.6 b 41.8 c
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treatments, although, they were higher in August and
October than in May. The absence of significant differences
in water use efficiency between the three treatments indi-
cates that photosynthesis was not sensitive to irrigation in
this investigation. However, it also appears that the plants
use additional water available to maintain higher transpira-
tion rates. 
It is clear that the irrigation regimes affected leaf and root
growth of the glasshouse grown plants. However, this was
not associated with differences in the photosynthetic rates,
instantaneous transpiration rates, stomatal conductances or
water use efficiencies of the plants grown in the glasshouse.
Root growth responded more to water content than did
shoot growth resulting in lower shoot:root ratios at higher
water application rates. The significantly higher leaf water
content in the 20% FC treatment than in the other treatments
may have been due to an increase in osmolyte accumula-
tion, often associated with drought stressed plants (Yoshiba
et al. 1997). Proteoid roots are known to proliferate after rain
(Lamont 1982) and thus the observed correlation of proteoid
roots numbers with water in the glasshouse trial was expect-
ed. A similar increase in proteoid root development was
observed in the field trial (Figure 4). The increased number
of proteoid roots with greater water availability may espe-
cially contribute to P acquisition. A lack of change in the foliar
elemental concentration could be attributable to the
increased growth of the potted plants in response to greater
P availability. Based on the result of the glasshouse trial, soil
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Figure 5: The effect of dry-land, normal and double irrigation during May, August and October on the photosynthetic rates (A), stomatal con-
ductances (Gs), transpiration rates (E) and water use efficiency (WUE) of five year old field grown ‘Sylvias’. Measurements were taken
between 10:30am and 12:30pm. The five year old plants were grown commercially near Elgin (Western Cape, South Africa) and were
exposed to the different irrigation regimes for 2.5 years. The bars represent the means ± SE (n = 5) of the treatments and different letters
above the bars indicate significant differences (P < 0.05) determined using ANOVA and post hoc LSD multiple range tests. The physiological
variables at each time interval were tested separately
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water contents maintained at 40% FC were sufficient to sup-
port maximum root and proteoid root growth. 
In both the field and glasshouse trials increased access to
water increased root biomass and particularly proteoid root
development markedly, but had small influences on shoot
development and gas exchange characteristics. The lack of
influence of irrigation on the field grown plants can be
ascribed to the dimorphic root system which enables the
plants to exploit water deeper in the soil profile. This is pre-
liminary evidence that management strategies should be
adapted to exploit the potential of the dimorphic root system
to reduce irrigation dependence at certain stages of devel-
opment and that irrigation strategies based entirely on sur-
face soil water contents are flawed.
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